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Scientific Discussion

Editors’ note: Deoxyglucose has been widely used as a tracer to measure local
brain glucose utilization. Several authors have questioned the stability of deoxy-
glucose-6-phosphate in the brain. An article which appeared in this Journal
[Nelson et al. J. Neurochem. 46, 905-919 (1986)] addressed this issue. The
submission by Hawkins and Miller which follows is a critique of that paper and
the deoxyglucose method. Nelson et al. were given the opportunity to respond.
The editors believe that the neurochemical community will find it of interest to
compare these two papers in this extensive special section.

Deoxyglucose-6-Phosphate Stability In Vivo and the
Deoxyglucose Method
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Some of the assumptions underlying the 2-deoxy-
D-glucose (DG) method for measuring the rate of ce-
rebral glucose metabolism (CMRglc) have come into
question (Fox, 1984; Bachelard, 1985; Cunningham
and Cremer, 1985). An important point is whether
much label is lost from brain during the experimental
period by catabolism of 2-deoxy-D-glucose-6-phos-
phate (DG-6-P). This issue was the subject of an arti-
cle published recently in this Journal by Nelson et al.
(19864). Because of the importance of the subject, we
have reviewed the data concerning DG-6-P catabo-
lism in vivo.

The goal of the DG method is to measure the rate
of glucose utilization in cerebral structures using
quantitative autoradiography. The essential require-

ment is a tracer of glucose whose label remains in
brain at the site of its metabolism. Sokoloff et al.
(1977) chose DG, a glucose analog that competes
with glucose for transport and phosphorylation, be-
cause its phosphorylated product, DG-6-P, was
thought not to be metabolized or dephosphorylated.
However, glucose-6-phosphatase (G-6-Pase), an en-
zyme that is found in low activities in brain as well as
many other tissues (Nordlie, 1971), is capable of hy-
drolyzing both glucose-6-phosphate (G-6-P) and
DG-6-P with almost equal facility (Anchors and Kar-
novsky, 1975). (There are other intracellular phos-
phatases that could conceivably react with DG-6-P,
but G-6-Pase seems to be the most likely to do so.)
Figure 1 shows what would happen to brain DG-6-P
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FIG. 1. Accumulation and loss of DG-6-P in the presence of G-6-
Pase. The predicted brain content of DG-6-P as a function of time
after a single intravenous injection of DG is shown for various
phosphatase activities. The numbers in parentheses indicate the
cumulative loss of DG-6-P at 45 min. The arrows indicate the
maximum brain DG-6-P content. The predicted time course of
DG-6-P accumulation by brain was calculated assuming single
pools of DG, DG-6-P in brain and a first-order hydrolysis of DG-6-
P to DG. Thus d(DGp)/at = k«(DG,) — (k2 + k3)DGy) + k4(DG-6-P)
and d(DG-6-P)/dt = k3(DGyp) — k4(DG-6-P), where the subscripts p
and b refer to plasma and brain, respectively. The values for k;,
ko, and k3 were those reported for gray matter (Sokoloff et al.
1977) and k4 was permitted to change from 0 (no loss) to 0.03/min
(8%/min). The plasma input function was taken to be: DG = e %%
+ 7995 The brain curves were calculated by numerical integra-
tion over 45 min.

at various rates of hydrolysis after a single injection of
DG. If DG-6-P were removed at the rate of only 1%/
min steadily from the beginning of an experiment the
net loss would be about 24% at 45 min; at 3%/min the
loss would be about 54%. Even small amounts of
G-6-Pase could seriously affect the retention of
DG-6-P by brain during the required 45-min period.
The important questions are: (1) Does G-6-Pase exist
in brain and if so where and how active is it? (2) Does
G-6-Pase react with DG-6-P in vivo? (3) If G-6-Pase
is active, does it react with DG-6-P throughout the
experimental period? (4) Is G-6-Pase distributed ho-
mogeneously throughout brain? (5) Does G-6-Pase
activity vary under different conditions. These ques-
tions will be addressed below.

DOES G-6-PASE EXIST IN BRAIN AND, IF
SO, WHERE AND HOW ACTIVE IS IT?

G-6-Pase is a multifunctional enzyme that acts as a
phosphotransferase or as a phosphohydrolase (Nord-
lie, 1975). Biochemical data suggest that cerebral
G-6-Pase functions primarily as a phosphohydrolase
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in vivo. Although the natural substrate is G-6-P,
G-6-Pase reacts nearly as well with DG-6-P (Anchors
et al., 1977; Hawkins and Miller, 1978). The first
complete purification of G-6-Pase was from brain
tissue (Anchors and Karnovsky, 1975); purification
of G-6-Pase from liver, the tissue normally consid-
ered to contain the greatest activity, has not yet been
possible (Fishman and Karnovsky, 1986). Brain G-6-
Pase activity has been identified cytochemically in
neurons, astrocytes, and oligodendroglia as well as
almost every other brain cell type (Rosen, 1970; Ste-
phens and Sandborn, 1976; Broadwell and Cataldo,
1983, 1984; Cataldo and Broadwell, 1986). Anchors
and Karnovsky (1975) found no large differences in
activity across brain regions, but Stephens and Sand-
born (1976) found the cerebellum to contain 36%
more activity than the cerebrum.

G-6-Pase activity appears variable. In studies of rat
brain metabolism during slow-wave sleep, the phos-
phate moiety of G-6-Pase turned over about six times
more rapidly during sleep than wakefulness (Anchors
and Karnovsky, 1975) and enzyme activity was in-
creased in slow-wave sleep (Karnovsky et al., 1980).
Cataldo and Broadwell (1986) found changes in G-6-
Pase activity within certain cell types during “stressed
states” (e.g., salt-stress, short-term starvation, and
surgery).

Intracellularly, G-6-Pase activity is associated with
the lumen of the nuclear envelope, endoplasmic re-
ticulum, lamellar bodies, and the cis saccule of the
Golgi complex (Anchors and Karnovsky, 1975; Ste-
phens and Sandborn, 1976; Broadwell and Cataldo,
1983; Cataldo and Broadwell, 1986). G-6-Pase activ-
ity in axons is minor under normal conditions com-
pared to the cell bodies and dendrites (Broadwell and
Cataldo, 1983, 1984) unless the axons are injured
(Cataldo and Broadwell, 1986). The most prevalent
position of G-6-Pase is on the inside of the endoplas-
mic reticulum; therefore, G-6-Pase is separated by a
membrane from its substrate G-6-P (or DG-6-P),
which is formed on the cytoplasmic side (Leskes et
al., 1971; Arion et al., 1975; Ballas and Arion, 1977;
Broadwell and Cataldo, 1983). In liver, a translocase
is believed to mediate the movement of G-6-P from
the cytoplasm to the lumen of the endoplasmic retic-
ulum wherein resides G-6-Pase; a similar translocase
has yet to be identified in brain. For this reason the
mechanism by which the substrate is delivered across
the endoplasmic reticular membrane remains to be
clarified (Fishman and Karnovsky, 1986). In contrast
to the endoplasmic reticulum the nucleus has a fen-
estrated membrane that allows the passage of small
molecules. Thus nuclear G-6-Pase is available to cy-
toplasmically synthesized G-6-P and DG-6-P.

The activity of G-6-Pase has been measured in a
number of laboratories. The results show a range of
Vmax values from 3 umol-min!-hg™! (Sokoloff et
al., 1977) to 160 umol-min~!-hg™' (Prasannan and
Subrahamanyam, 1968) as summarized in Table 1.
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TABLE 1. Activity of G-6-Pase in rat brain

Vmax
Source (umol - hg™! - min™!)

Anchors et al. (1977) 48 p
Colilla et al. (1975) 19 ¢4
Fishman and Karnovsky (1986) 33p
Hers (1957) 94
Hawkins and Miller (1978) 46
Nordlie and Arion (1965) 84 ¢
Prasannan and Subrahamanyam (1968) 160°
Sokoloff et al. (1977) 34
Stephens and Sandborn (1976) 82 p°

Original values given in reference to protein were converted as-
suming 100 mg protein/g fresh weight (p). Values measured at
temperatures lower than 38°C were adjusted to 38°C assuming a
Q1o of 2 (). The value of Stephens and Sandborn (1976) is the
average reported by them for the cerebrum (70) and the cerebellum
(95). Full activity of G-6-Pase from broken-cell preparations is
realized only after disruption of membrane structures by sonication
or by the use of detergents (Karnovsky et al., 1982).

¢ Experiments where the membranes were not disrupted.

G-6-Pase is greatly affected by tissue preparation and
assay conditions and this may explain the wide range
in activities found (Baginski et al., 1967; Karnovsky
et al.,, 1982). Although it has been calculated that
there is enough G-6-Pase to hydrolyze about 6% of
the brain’s DG-6-P content per minute (Hawkins and
Miller, 1978), it is not possible to extrapolate mea-
surements made in vitro to activity in vivo with com-
plete accuracy because local conditions are not
known with certainty. Also it is not known whether
other phosphatases react with DG-6-P. Nevertheless
the data do show that brain G-6-Pase exists with suf-
ficient potential activity to cause concern and that
G-6-P reacts nearly as well as DG-6-P as with G-6-P.

IS DG-6-P LOST AT AN APPRECIABLE
RATE IN VIVO?

Although enough G-6-Pase activity exists in brain
to hydrolyze substantial quantities of DG-6-P, the

3/4 h

2h

6 h

24 h

FIG. 2. Brain loses DG as time passes. Four overnight fasted rats, matched for age and weight, were given a single intravenous injection of
['“C]DG (46 xCi) and killed at 45 min and 2, 6, and 24 h. In comparison to images made at 45 min (1,000 dpm/g normalized value) the
images are much lighter at 2 h (520 dpm/g). at 6 h they are very pale (230 dpm/g), and at 24 h they are almost invisible (70 dpm/q). The
values reported by Sokoloff et al. (1977) were made from autoradiographs 17-24 h after administration of a dose of DG by which time
>90% of the radioactivity had been lost. They thought the only metabolite of DG was DG-6-P, but it is now known that other compounds
were present and the half-lives observed between 17 and 24 h reflected the turnover of these compounds rather than DG-6-P (Hawkins and
Miller, 1978; see note 2 under References in Nelson et al., 1986b).
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important issue is whether hydrolysis occurs. Soko-
loff et al. (1977) reported the half life of DG-6-P to be
7.7 and 9.7 h for gray and white tissue respectively,
corresponding to first-order rate constants of 0.15
and 0.12% loss per minute. If these figures were accu-
rate it may be appreciated from Fig. 1 that DG-6-P
loss would be almost inconsequential over the 45-
min experimental period required by the DG
method. These estimates were based on measures of
residual brain radioactivity made by quantitative au-
toradiography 17-24 h after injection of ['*C]DG.
These experiments had two flaws. First, after 17 h the
brains had lost almost all their radioactivity (Fig. 2).
Second, most of the residual activity at that late time
was not in the form of DG-6-P.

Shortly after Sokoloff et al. (1977) reported their
observations, articles were published describing
DG-6-P loss in rats (Hawkins and Miller, 1978) and
fluoroDG-6-P (FDG-6-P) loss in humans (Phelps et
al., 1979). The experiments on humans, using posi-
tron emission tomography (PET), were especially
important because they extended the three-compart-
ment model for CMRglc to include the hydrolysis of
FDG-6-P to FDG. Phelps and associates found that
although loss of FDG-6-P was not fast it was suffi-
cient to cause significant errors depending on how
long after injection CMRglc was measured. They de-

TABLE 2. Loss of DG-6-P in vivo

Rate
constant Half-life
Source Species (%/min) (min)

Deuel et al. (1985) Rat 0.57-0.77 90-122

Hawkins and Miller Rat 0.7-3.5 20-100
(1978)

Huang and Veech Rat 3.00-5.4 13-23
(1985)

Karnovsky et al. Rat (sleeping) 2.4 29
(1980)

Sokoloff et al. Rat 0.12-0.15  462-582
(1977)

Kato et al. (1984) Dog 0.96 72

Pelligrino et al. Goat (awake) 1.18 59
(1987)

Pelligrino et al. Goat 1.86 37
(1987) (anesthetized)

Hawkins et al. Human 0.8 87
(1981)

Kato et al. (1984) Human 1.3 53

Phelps et al. (1979) Human 0.68 102

The relationship between half-life (t,,,) and the rate constant of
loss (Kiess) 15t t2 = In 2/Kj. Deuel et al. (1985) observed that
DG-6-P in vivo reached a peak between 30 and 50 min. This is
compatible with a loss constant between 1 and 3%/min (see Fig. 1).
The values Deuel et al. reported (shown above) were based on the
rate of decline of brain DG-6-P content after its peak. They are
underestimates because the continued phosphorylation of DG that
occurred during that period was not taken into account. The values
calculated from Karnovsky et al. (1980) refer to the increased rate
of brain DG-6-P loss in sleeping rats in relation to controls; the
absolute rate must have been greater.
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termined a loss constant (k,) by repeated scanning of
patients over a period of hours and fitting the data to
obtain the various rate constants including an esti-
mate of k4. In this way an estimate of loss for each
individual patient was made and applied throughout
the experimental period. Over the course of several
studies a range of k4 values from 0.58 = 0.17 (SD) in
normal humans to 1.16 + 0.16 in patients with brain
disease was found (Phelps et al., 1979; Hawkins et al.,
1981; Kato et al., 1984).

Subsequently several other laboratories measured
the stability of DG-6-P by one means or another in a
variety of species. A summary of the results (Table 2)
shows that DG-6-P loss occurs at rates greater than
suggested by early work.

WHEN DOES LOSS OF DG-6-P BEGIN?

Nelson et al. (1986a) debate some of the evidence,
but they accept that DG-6-P disappears considerably
faster than originally reported by Sokoloff et al.
(1977), and they recognize that the early experiments
probably measured the turnover of other metabolites
than DG-6-P (see note 2 under references in Nelson
et al., 19865). However, they argue that loss does not
take place during the first 45 min because, as men-
tioned above, the enzyme and substrate are in differ-
ent cellular compartments; G-6-Pase is located in the
endoplasmic reticulum and DG-6-P is formed in the
cytoplasm (Sokoloff, 1982; Nelson et al., 1986a,b).
Nelson et al. (1986a) cite as evidence for their hy-
pothesis the work of Fishman and Karnovsky (1986),
who found that brain G-6-Pase system is different
from that of liver. In liver a translocase is thought to
be important in mediating the movement of G-6-P
from the cytosol to the endoplasmic reticulum; in
brain no translocase can be found.! Whereas the ab-
sence of an identifiable translocase in brain is of inter-
est, it does not prove that a delay in dephosphoryla-
tion occurs; it only provides an explanation of why
the phosphorylation of DG-6-P might be delayed if
the endoplasmic reticulum were the only site of de-
phosphorylation. Also the hypothesis fails to consider
the effect of nuclear G-6-Pase which is not separated
from the cytoplasm by an impermeable barrier.

Pelligrino et al. (1987) dispute the hypothesis of
delayed dephosphorylation. They note that in a pas-
sive system the rate of DG-6-P movement into the
endoplasmic reticulum will be a function of the cyto-
plasm-to-endoplasmic reticulum concentration gra-
dient and the permeability of the endoplasmic reticu-
lum, and by 10 min this gradient has already reached
50-80% of its maximal value. For no DG-6-P loss to

! The data of Fishman and Karnovsky (1986) cannot be regarded
as definitive; they found about half the G-6-Pase activity to be
latent, but about half was active. It should be kept in mind that after
homogenization the membranes of the endoplasmic reticulum are
disrupted and roll up into small vesicles. Whether these artificial
vesicles accurately reflect normal intracellular function is a matter
of speculation.
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occur during the first 45 min would require a sudden
increase in permeability during the 45-60 min pe-
riod; such an occurrence is without precedent. Fur-
thermore, Pelligrino et al. (1987) point out that the
delay-hypothesis predicts that accelerated rates of loss
occur after 45 min and this is contrary to experimen-
tal observations.

Although theoretical arguments are useful in for-
mulating ideas, actual measurements have been
made in vivo that suggest that DG-6-P hydrolysis
may begin much earlier than 45 min. In addition to
the experiments summarized below, in which deter-
minations were made on brain, there are other rele-
vant experiments on arteriovenous differences con-
tained in the footnote below.?

Deuel et al. (1985) used both nuclear magnetic res-
onance and gas chromatography to follow brain
DG-6-P after a single intravenous injection of DG.
They found that DG-6-P peaked at 30-50 min and
fell thereafter. As shown in Fig. 1 this behavior is
predicted when a phosphatase is continuously hydro-
lyzing DG-6-P at a constant rate between 1 and 3%/
min. Nelson et al. (1986a) interpret the data as show-
ing that after 45 min “effects of DG-6-Pase activity
begin to appear which become progressively more
profound with increasing time.” The data of Deunel et
al. (1985) confirm that DG-6-P is not stable in vivo,
but they do not clearly discern between the possible

2 After a single intravenous injection, arteriovenous differences
of DG across cat brain (Sokoloff et al., 1977) and rat brain (Sacks et
al., 1983) were found to be positive, indicating uptake, but after
5-10 min they became negative and remained so thereafter, indi-
cating a continuous loss of label from brain. Sacks et al. (1983)
interpreted these results to indicate that DG-6-P formed at early
times was hydrolyzed and the label released as DG. Conversely,
Nelson et al. (19864) maintained that the results are the behavior
predicted by the DG model. Using established rate constants of DG
exchange (which they indicate elsewhere in their paper may be
inaccurate), they show curves predicting negative arteriovenous
differences for DG across the whole brain, concurrent with positive
arteriovenous differences for glucose. Their calculations seem to
conflict with data in the article by Sokoloff et al. (1977, Fig. 5)
which predict the total radioactivity in brain—['“C]DG plus
['“C]DG-6-P—to rise continuously. Since net accumulation can
occur only when the arteriovenous difference is positive, the occur-
rence of substantial negative arteriovenous differences beginning
between 5 and 10 min stands in contradiction.

Nelson et al. (19864) also presented representative arteriovenous
differences of ['*C]DG measured in individual animals in which
arterial concentrations were kept constant. There was no apparent
tendency for the arteriovenous differences to lessen with time. The
authors argued that these data are evidence for no significant
DG-6-Pase activity in brain. Since the data shown were from single
selected animals, statistical analyses are, of course, impossibie. It
may be noted that earlier data were not so clear-cut. Close exami-
nation of Fig. 4A from Sokoloff et al. (1977) shows decreasing
values for arteriovenous differences across rat brain as time passed,
and Fig. 4B in the same article depicts increasingly lower values for
the “lumped constant.” The earlier data, therefore, could be inter-
preted as evidence for DG-6-P loss and as evidence that the value
for the “lumped constant,” determined by arteriovenous differ-
ences, would decrease with time. The discrepancies between the
former and latter studies remain to be clarified.

interpretations. On the other hand the DG-6-P decay
curves measured by Deuel et al. (1985) were linear
and showed no evidence of a progresive increase in
the rate of hydrolysis.

Huang and Veech (1985) tested DG-6-P stability
directly in two experiments. In the first ['*C]DG was
injected into the carotid artery and in the other it
was given intravenously. They determined brain
[**C]DG-6-P content during the next 50 min. We
reviewed the data of Huang and Veech with the Sta-
tistical Consulting Center of The Pennsylvania State
University and came to the following conclusions. In
the intracarotid experiment {'*C]DG-6-P reached a
peak at about 10—12 min and then fell thereafter at a
rate of 1.2%/min. With regard to the second experi-
ment (intravenous injection) the fit to the brain
['“C]DG-6-P data given by Huang and Veech, which
considered both phosphorylation and dephosphory-
lation (5%/min), was better than any possible value of
phosphorylation alone. Thus, the data of Huang and
Veech suggest that dephosphorylation, at rates be-
tween 1.2 and 5%/min, may begin as early as
10-12 min.

Hawkins et al. (1988) demonstrated DG-6-P loss
between 20 and 45 min using a “glucose-chase” ex-
periment. A group of male rats matched by age and
weight were prepared with catheters, restrained, and
allowed to recover for a typical DG experiment. All
rats were given a single identical injection of
['*C]DG. Half the rats were killed at 20 min; the
remainder were given a large intravenous injection of
nonradioactive glucose to curtail further phosphory-
lation of DG by brain. The glucose-injected rats were
killed at 45 min. Measurement of DG-6-P in extracts
of freeze-blown brains showed the rats killed at 45
min to have 19% less DG-6-P, thereby demonstrating
an appreciable loss within the experimental period
normally used for the DG method. It could be argued
that the conditions of the experiment activated oth-
erwise latent DG-6-Pase activity. This seems, on the
face of it, a somewhat unlikely possibility. If true,
however, it would suggest that DG-6-Pase activity is
subject to acute variation under different conditions.

The accumulation of DG-6-P was studied in goats
by Pelligrino et al. (1987). They measured DG and
DG-6-P in brain biopsies using a sequential sampling
technique. This procedure, in which the tissue pre-
cursor specific activity was measured directly, ob-
viated the need for determining exchange constants
between brain and plasma. Pelligrino et al. (1987)
found the rate of DG-6-P accumulation decreased
with time in a manner that could not be explained by
the operational equation of the DG method. The dis-
crepancy was significant by 10-20 min, and the data
could be rectified by the introduction of a single loss
constant operating throughout the entire experimen-
tal period (Table 2). Pelligrino et al. (1987) concluded
“that when using the DG method in the goat, DG-6-P
dephosphorylation cannot be ignored when employ-
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ing more than 10-min evaluation periods.” As men-
tioned above, other investigators have likewise found
it necessary to incorporate a term for loss of FDG-6-P
into calculations made during studies in humans
(Phelps et al., 1979; Kato et al., 1984) and dogs (Kato
et al., 1984). These rate constants are applied from
the beginning of the experiment, apparently being fit
without a time lag (Table 2).

The above data derived from a variety of species
provide evidence that DG-6-P loss begins shortly
after it is formed and is continuous thereafter. This
interpretation helps to explain a phenomenon that
has now been observed in several laboratories. Specif-
ically, calculated values of CMRglc are high at early
times and decrease thereafter, whereas the uncor-
rected DG method predicts that calculated CMRglc
values should be constant (at least for 45 min). The
data of Nelson et al. (1986a) show the effect quite
clearly (reproduced in Fig. 3). The results were attri-
buted as being due to “inaccuracies in the values of
rate constants which could not possibly be accurate
for the brain as a whole.” (The rate constants of efflux
and phosphorylation of DG would have to be raised
to infinity to make their measured and their theoreti-
cal curves agree.) This argument does not hold up
well because the same trend (calculated CMRglc de-
creasing as time passes) is seen when CMRglc is cal-
culated from actual tissue DG content, thereby
avoiding assumptions about the rate constants (Fig.
3B). These results are what would be predicted by the
continuous dephosphorylation of DG-6-P. In con-
clusion, the data of Nelson et al. (1986a) provide
further evidence that DG-6-P loss begins at an early
time. The hypothesis that compartmentation pro-
vides a prolonged period of substrate sequestration
before the phosphatase can act is not well supported
by the available data.

IS LOSS OF DG-6-P HOMOGENEOUS
THROUGHOUT BRAIN?

There are data indicating that G-6-Pase activity is
not homogeneously distributed at either the cellular
or regional level (Broadwell and Cataldo 1983, 1984;
Cataldo and Broadwell, 1986). Duncan et al. (1986)
compared the accumulation of “C from [1-*C]glu-
cose and ["*C]DG at the microscopic level. Label ac-
cumulated more rapidly from [1-'“C]glucose, but
most importantly they found that some areas in brain
showed a different ratio of ['“C]DG to [1-'*C]glucose.
They suggested that the results could be explained if
['*CJDG-6-P was being selectively hydrolyzed. Haw-
kins et al. (1988) found that regional differences ex-
isted; the relative rates of DG-6-P loss were as follows:
telencephalon < diencephalon = mesencephalon
< metencephalon < myelencephalon. The occur-
rence of regional differences in the rate of DG-6-P
loss raises the possibility that different correction fac-
tors may be required for each anatomic structure (or
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FIG. 3. Apparent CMRglc is not closely predicted by the DG
equation. A: Figure 2 redrawn from Neison et al. (1986a) with the
apparent CMRglc indicated at various times as a percentage of
the 45-min value. The apparent CMRglc was calculated directly
from the ratio of the observed to expected DG-6-P values calcu-
lated by Nelson et al. (1986a). B: Figure 1A redrawn from Nelson
et al. (1986a) with the apparent CMRgic, as a percentage of the
45-min value, calculated directly from the integral of brain DG. In
this example no assumptions about exchange rates are made.

even in different cells). Clearly this is an area where
further experiments should be undertaken.

IS LOSS OF DG-6-P CONSTANT
OR IS IT REGULATED?

If phosphatase activity is constant in a region it is a
relatively simple matter to correct for its effect math-
ematically once the activity in vivo has been charac-
terized. If, on the other hand, phosphatase activity
changes according to physiological or pathological
conditions then the modeling of this process becomes
more complex. This particular aspect has not re-
ceived much attention, but evidence suggests that
phosphatase activity can be stimulated. Anchors and
Karnovsky (1975) demonstrated that G-6-Pase is ac-
tivated during slow-wave sleep. In other experiments
Karnovsky et al. (1980) showed that an accelerated
loss of DG-6-P occurs in sleeping rats. In these exper-
iments a group of sleep-deprived rats was injected
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with DG. At 45 min half the rats were allowed to
sleep for 15 min while the remainder were kept
awake. At 60 min all rats were killed and the brains
analyzed for DG-6-P. The brains of sleeping rats lost
30% of DG-6-P in only 15 min. Pelligrino et al.
(1987) also found evidence of G-6-Pase regulation. In
goats anesthetized with pentobarbital the glucose
phosphorylation rate was underestimated by 46.5%
compared to 23.1% with N,O anesthesia because the
dephosphorylation to phosphorylation ratio was in-
creased substantially. The experiments of Karnovsky
et al. and Pelligrino et al. suggest that G-6-Pase is a
regulated enzyme, and underscore the need to inves-
tigate further the effects of changes in physiological
and pathological conditions on DG-6-P loss in brain.

DISCUSSION

A necessary part in the computation of CMRglc
from the accumulation of DG-6-P is the proportion-
ality factor known as the “lumped constant.” This
factor takes into account the different kinetics of glu-
cose and deoxyglucose entry into brain and the dif-
ferent kinetics of phosphorylation. Some recent work
indicates that the “lumped constant™ originally de-
termined for use in the DG method in rats may be in
error because G-6-Pase activity was not appreciated.
The “lumped constant” is the ratio of cerebral ex-
traction of DG to glucose from blood when both are
in steady states. To determine its value, a pro-
grammed infusion designed to raise and maintain ar-
terial ["*C]DG concentration can be used and arterio-
venous differences of both ['*C]DG and glucose
measured after a steady state is reached. If, however,
G-6-Pase activity is present, hydrolysis of DG-6-P
may occur with a concomitant return of DG to the
plasma. Since the rate of hydrolysis is proportional to
the amount of DG-6-P present in the brain, and since
DG-6-P will continue to accumulate during the infu-
sion, the effect will be to lower the arteriovenous dif-
ference as time passes and thereby decrease the esti-
mate of the “lumped constant™ (Sacks et al., 1983;
Huang and Veech, 1985). Hargreaves et al. (1986)
reevaluated the “lumped constant” in rat brain by an
independent method that precluded significant
DG-6-P loss. The value they determined was 0.65,
about 35% higher than that estimated (0.48) from the
relative extractions of analog and glucose during a
45-min programmed infusion (Sokoloff et al., 1977).
Hargreaves et al. suggest the discrepancy could be
accounted for by phosphatase activity acting over the
45 min period at a rate of 1%/min, thereby resulting
in lower net accumulation of DG-6-P. If this explana-
tion is correct then estimates of the “lumped con-
stant” by the arteriovenous difference method are
critically dependent on time; the values must de-
crease as time passes.

Nelson et al. (1986a) have noted a discrepancy be-
tween the theoretical accumulation of DG-6-P by
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FIG. 4. Two distinct models. The accumulation of DG-6-P pre-
dicted by the operational equation of the DG method is shown in
curve A calculated as described by Sokoloff et al. (1977). Curve B
shows the predicted accumulation of DG-6-P under the same
conditions, but where the ‘‘lumped constant”” was 0.65 and loss
of DG-6-P assumed to occur continuously at a rate of 1%/min
(see Hargreaves et al., 1986). The filled circles are experimental
values of DG-6-P, measured by Nelson et al. (1986a), normalized
to the maximal value at 45 min. The experimental data appear to
be better fit at all times by a model including a correction for
dephosphorylation.

brain and the DG-6-P that was actually measured
(Fig. 3A). However, by using the “lumped constant”
determined by Hargreaves et al. (1986) and taking the
rate of loss to be 1%/min, a theoretical curve may be
calculated that passes through the experimental
points much more closely (Fig. 4). These results sug-
gest that a revision of current estimates of the
“lumped constant” may be necessary as well as to
take into account dephosphorylation.

CONCLUDING REMARKS

Although DG was originally chosen to measure
CMRgic because it was believed that its metabolite
DG-6-P was trapped irreversibly in brain cells, this
view is difficult to maintain. The evidence reviewed
above shows that DG-6-P loss can be significant and
that it is most likely that it begins soon after DG
administration. The important questions remaining
are: how much is lost, from where, how much the loss
is altered by different physiological and pathological
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conditions, and what the impact is on the analysis of
DG data. A series of carefully designed experiments
are required to answer these questions satisfactorily.
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